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ABSTRACT 
Nuclear fractions isolated  from  mutants of Neuro~vora  produced  no  effect  when  micro- 
injected into mutants with complementary biochemical rcquiremcnts. DNA isolated from 
the nuclear fractions similarly injected also had no effect.  Mitochondrial fractions isolated 
from an abnormal inositolless strain (abn-1) produced drastic changes in the rate of growth, 
morphology,  reproductive characteristics,  and  cytochrome  spectra  of normal inositolless 
strains when single hyphal  compartments were  microinjected and isolated,  whereas  the 
mitochondrial fractions of the wild type produced no effect. These results provide cvidcnce 
for  the  transmission of  biochemical  and  biological  characters  when  mitochondria  are 
transferred to new nucleocytoplasmic environments. 
INTRODUCTION 
Neurospora crassa is one of the few organisms which 
have the attributes needed for a  study of the vi- 
ability and bio!ogical functioning of various sub- 
ccllular fractions. ~[hcse cssential attributcs include 
(a) a simple genetic system with easily identifiable 
genctic characters or markers,  (b)  the availability 
of  methods  for  isolating  the  various  subcellular 
fractions to be examined, (c) some means of intro- 
ducing  these  fractions  into  living  cells  without 
killing  them,  and  (d)  objective  criteria  of  the 
survival and functioning of the fractions after thcir 
introduction. 
Neurospora almost uniquely fulfills these  require- 
ments.  It possesses a  simple genetic system,  and 
many well defined mutant loci have been mapped 
and  studied.  Methods  for  the  isolation of nuclei 
(Reich  and  Tsuda,  1961) and  of  mitochondria 
(Luck,  1963a, 1963b) have been developed.  ~Ihe 
microsurgical  techniques  developed  by  Wilson 
(1961)  are  suitable for  the  introduction of sub- 
cellular fractions into Neurospora hyphae. 
The biological characteristics of Neurospora pro- 
vide definitive or potential criteria of the survival 
or  functioning of injected cell fractions or  com- 
ponents.  Genetically marked  nuclei can  be  ex- 
amined  for  the  formation  of  complementing 
heterocaryons  (Wilson,  1963) and  for  participa- 
tion in sexual reproduction. Extracts  of fractions 
can be examined for heterocaryon incompatibility 
activity (Wilson et al.,  1961).  Morphological and 
growth characteristics such as are shown in growth 
tubes  (Ryan et  al.,  1943),  and  in production of 
conidia  and  protoperithecia,  provide  other 
parameters for evaluation of the effects  of micro- 
injection of cell fractions. The capacity for asexual 
reproduction by means of conidia, as well as for 
sexual reproduction by means of ascospores,  also 
provides  valuable criteria  for  distinguishing nu- 
clear  and  cytoplasmic  inheritance  of  biological 
characters. 
By making use of these  various biological po- 
tentialities and  available techniques, it has been 
427 possible  to  test,  in  the  living  system,  subcellular 
fractions such as nuclei and mitochondria  isolated 
from strains with uniquely identifiable  characters. 
From  these  studies,  evidence  has  been  obtained 
that  mitochondria  are  capable  of  transmitting 
cytoplasmic characters in Neurospora crassa. 
MATERIALS  AND  METHODS 
Strains 
Wild-type strains of Neurospora crassa used included 
RL  3-8A  and  RL  21a,  referred  to  as  wt  3-8A  and 
wt  21a,  respectively.  The biochemical  mutants used 
in  the  studies  involving  nuclear  fractions  were 
pantothenicless  (pan)  5531,  methionineless  (meth) 
36104,  and  inositolless  (inos) 89501.  For  the  studies 
on  mitochondria,  these  were  isolated  from  wt  21a 
and strain abn-l-4a  (abn-l)  (Garnjobst et al.,  1965). 
The  recipient  strains  used  for  injection  included 
inositolless  strains  37401  (6-1)a,  referred  to  as  inos 
(6-1)a;  37401  (6-3)a,  referred to as inos (6-3)a;  37401 
(ll-7)a,  referred  to  as  inos  (ll-7)a;  and  37401 
(17-5)a, referred to as inos (17-5)a; and wt 21a. 
Conidia from stock cultures used for rnicroinjection 
were  plated  from time  to  time  in order  to  evaluate 
viability  and  growth,  and  to  provide  an  additional 
control for the injected  and control hyphal sections. 
Plates  were  prepared  with  about  1000,  100,  and  50 
conidia  per  plate.  After  incubation  at  30°C  for  72 
hours,  10  colonies  were  isolated  from  each  of  10 
plates and transferred to slants of complete medium. 
These were  incubated  at  30°C  and the  morphology 
and  inositol  requirement  of  each  culture  were 
examined. About 800 such colonies were isolated and 
tested during this investigation. 
Culture  Media 
Media  used  for  culture  included  (a)  glycerol- 
sucrose  complete  (GSC)  (Vogel,  1956),  used  with 
agar for maintenance of stock cultures, for transfer of 
injected hyphal sections, and for growth tube experi- 
ments  (Ryan  et  al.,  1943);  (b)  sucrose-minimal 
supplemented  with  inositol,  used  without  agar  for 
aerated  cultures;  (c)  St.  Lawrence  sorbose  agar 
medium  (Lester  and  Gross,  1959)  for  plating  of 
conidia; and  (d)  synthetic crossing medium (Wester- 
gaard  and Mitchell,  1947),  used for inducing proto- 
perithecium formation in cultures for crosses, and in 
Petri plates to evaluate perithecium formation. 
Microsurgieal  Preparations  and  Procedures 
CULTURES  AND  MATERIALS:  Sterile  materials 
and techniques were used throughout. Microcultures 
were prepared by the method of Wilson (1961), with 
minor  modifications.  Microcultures  were  kept  at 
18°C  for  8  hours  and  were  then  maintained  at  a 
temperature  of about  5°C  until  used.  Such  cultures 
were started 20 to 24 hours before microinjection. 
Micropipettes  were  finished  on  a  deFonbrune 
microforge so  that  the  microtips were  beveled.  The 
method of  preparing  pipettes was a  modification  of 
the technique outlined by Wilson (1961). 
Microchambers  were  individually  sterilized  on 
filter  paper  in  Petri  plates.  The  chambers  were 
covered  with  No.  1  coverslips  sterilized  by  auto- 
claving between layers of filter paper in a  Petri plate. 
Plasmolyzing  solutions  were  prepared  in  10-ml 
aliquots  of sucrose solutions ranging from  14  to  26 
per  cent  (w/v)  and  sterilized.  These  solutions were 
used to  prevent  cytoplasmic flow  and to  reduce  the 
internal  pressure of the  hypha so  that  the  cell  wall 
could be punctured by the micropipette without loss 
of cytoplasm. 
MIGROINJECTION  PROCEDURES  :  The  tech- 
niques outlined by Wilson (1961, 1963) were used,with 
minor modifications. A  chamber was covered with a 
coverslip  anchored  in  place  with  sterile  Vaseline. 
The micropipette was mounted in a  deFonbrune mi- 
cromanipulator;  then,  under  low  magnification,  the 
pipette was centered and its vertical position adjusted 
so  that  it  cleared  the coverslip  and  the  floor  of the 
chamber.  A  quantity  of the  fraction  to  be  injected 
was  introduced  into  the  chamber  with  a  Pasteur 
pipette.  A  silicone  oil-filled  micropipette  was  then 
introduced into the fraction and some of the material 
aspirated into the pipette,  the tip of which was kept 
immersed to prevent exposure to  air. 
The  microculture  was  positioned  on  anothel 
sterile  microchamber.  After  this chamber  was  filled 
with  16  per  cent  sucrose,  the  chamber  with  the 
material  for  injection  was  removed  and  the  micro- 
culture brought into  position.  Next,  the  pipette  was 
oriented  perpendicular  to  the  length  of one  of  the 
largest  suitably  located  hyphal  branches.  Micro- 
injection was effected by bringing the pipette into the 
same focal plane as the diameter of the hypha; i.e.,  at 
its mid-point.  As the  pipette  was advanced into  the 
cell  compartment  close  to  the  septal  pore,  pressure 
was  exerted  to  expel  the  contents  of  the  pipette 
through the open pore  and into the adjacent hyphal 
compartment.  The  injection  was  successful  if  this 
compartment sealed  off with  little  or  no  leakage  of 
cytoplasm  or  injected  material.  As  soon  as  the 
required  number  of  ceils  had  been  injected,  the 
punctured ceils were filled with silicone oil to identify 
them.  Then  the  hyphal  branches  were  cut  away 
using  the  sharp  beveled  edges  of  the  pipette  as  a 
microscalpel. 
The sucrose solution in the chamber was replaced 
with  suitably  supplemented  liquid  medium and  the 
sections to  be  transferred  were  cut free  and  allowed 
to  settle on the floor  of the chamber.  The coverslip 
was removed in  a  quick  vertical  motion so that  the 
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section was  then  drawn  into  a  Pasteur  pipette  and 
transferred to a  marked section of a  Petri plate filled 
with 25 ml of GSC medium. The hyphal sections were 
located  and examined  in the Petri plates  and  these 
were incubated at 25°C overnight. 
A  new  micropipette  was  then  positioned  and  a 
fresh aliquot of material for additional injections was 
taken from the fraction kept on ice.  After the  experi- 
mental injections and isolations had been completed, 
uninjected  control  sections  of hyphae  were  isolated 
for each strain being tested.  It was sometimes neces- 
sary  to  isolate  control  sections  on  the  following 
morning,  particularly  if  some  difficulty  had  been 
encountered  with  either  the  microcultures  or  the 
fractions,  but  there  was  a  minimal  lapse  of  time 
between  the  procurement  of  the  fraction  and  its 
injection into hyphae. 
GROWTH  TUBE  CULTURES:  Growth  tube  ex- 
periments  with  injected  and  uninjected  (control) 
hyphal sections were  carried  out as follows.  Growth 
tubes  filled  with  20  ml  of  GSC  with  agar  were 
sterilized the day before isolation and microinjection 
of the subcellular fractions. After the hyphal segments 
had  been  incubated  in  Petri  plate  culture  at  25°C 
for  12  to  14  hours,  they  were  reexamined  at  low 
magnification and  the perimeter  of growth for each 
section was marked off. The inscribed area was then 
lifted  out  of the  Petri  plate  as  an  agar  block  and 
transferred  to  a  growth  tube.  After  this  had  been 
done  for  each of the injected  and  the control  unin- 
jected  hyphal  sections, the  group  of tubes  (series  I) 
was  incubated  at  30°C.  When  the  cultures  had 
formed growth fronts, the position was marked on the 
surface of the  tube.  Thereafter,  the  growth front  in 
each  was  marked  at  24-hour  intervals.  Once  the 
cultures  had  reached  the  ends of the  growth  tubes, 
conidia  were  allowed  to  form  before  transfer  of  a 
conidial-hyphal  mass from  the  end  of each  tube  to 
another growth tube. 
When  the  set  of  new  tubes  (series  II)  had  been 
inoculated and transferred to  30°C,  the growth tube 
cultures  from  series  I  were  used  to  inoculate  GSC 
slants,  one  from  each  end  of each  growth  tube.  In 
later growth tube series, III, IV, or V, also incubated 
at  30°C,  different growth rates  necessitated inocula- 
tion of one or more cultures at later times. Generally 
such experiments ran their complete course within 5 
to 7 weeks. 
Fractionation Procedures 
MASS  CULTURE  METHODS:  To  obtain  suffi- 
cient quantities of mycelia for isolation of subcellular 
fractions, two culture methods were used. For cultures 
with normal morphology, a Fernbach flask containing 
400  ml  of minimal  agar  with  the  appropriate  bio- 
chemical  supplement  was  inoculated  with  a  large 
mass of conidia  1 week  before  the fractionation  was 
to  be  done.  The  flask was  incubated  at  30°C  for  3 
days and then at 25°C until the day before the experi- 
ment. This provided  an abundant source of conidia. 
Routinely,  16 Florence flasks of 1 liter capacity, each 
containing 150 ml of liquid minimal medium supple- 
mented as required,  were  prepared  and  autoclaved. 
The  flasks were  inoculated  with  108  conidia  per  ml 
from a  suspension of filtered conidia.  The flasks were 
incubated on  a  reciprocating shaker  (120  excursions 
per  minute)  at  25°C  for  12  to  13  hours  before  the 
mycelia were to be harvested. 
When fractions were  to be  isolated from abn-l-4a 
and injected inos cultures, the following mass culture 
procedure  was  used.  About  2  weeks before  the  day 
of a  planned  experiment,  2  or  3  Erlenmeyer  flasks 
each  containing  50  ml  of  minimal  medium  with 
inositol  (50  #g/ml)  were  inoculated  with  3  or  4 
hypha-bearing agar blocks taken from slant cultures. 
The flasks were incubated at 30°C on a rotary shaker 
at slow speed for about 6  days. The growth in one of 
the flasks was then chopped in a  sterile blendor for a 
few  seconds.  This  mycelial  suspension was  used  to 
inoculate a  4-liter bottle containing 3  liters of sterile 
minimal medium supplemented  with  50  #g  inositol 
per ml. The culture was incubated at 30°C for 4  to 5 
days  with  forced  aeration,  and  the  mycelia  were 
harvested and used immediately. 
The  mycelia  obtained  by  either  method  were 
harvested  in  a  Buchner funnel  on  filter  paper  with 
vacuum  filtration.  The  mycelial  mats  were  rapidly 
washed  with  distilled  water  and  then  with  the 
solution  appropriate  to  the  fraction  to  be  isolated. 
The  solutions  were  ice  cold  and  quickly  and  uni- 
formly chilled  the  mycelia.  The  mycelial  mats were 
taken into a  cold room at 5°C, where all subsequent 
procedures were carried out. 
ISOLATION  OF  NUCLEI:  Nuelear fractions were 
isolated  from pan, inos, and  meth strains  as  well  as 
from wild  type  by  the  method of Reich  and  Tsuda 
(1961).  In  addition,  isolation  media  other  than 
0.35 M  mannitol  were  used.  These  included  0.35 M 
sucrose, 0.35 M galactose, 0.35 M mannitol in 0.001 M 
CaC12,  and  0.25  and  0.35 M  sucrose  in  phosphate 
buffer.  These  solutions  were  autoclaved  (with  the 
exception of the freshly prepared buffer)  and used to 
wash the harvested mycelia and also as homogenizing 
media. 
At various times throughout the preparation of the 
nuclear  fractions,  successive  supernatant  and  sedi- 
mented  fractions  were  tested  for  viability  and 
fertilizing  capacity.  Small  aliquots  were  placed  on 
complete  medium,  and  spread  on  small  areas  of  a 
plate  containing  wt  3-8A  protoperithecia.  The 
various fractions were also examined microscopically 
and then were used for injection. 
ISOLATION  OF  MITO(2HONDRIA:  For  micro- 
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layered  on  sucrose  density  gradients  prepared 
according  to  the  methods  of  Luck  (1963a),  using 
0.58  and  1.9 M sucrose in 0.001 M EDTA  (ethylene- 
diamine  tetraacetic  acid).  The  gradients  were 
prepared within 20 hours of the time they were to be 
used and  were kept  at  5°C.  The homogenates were 
layered on the gradients and  then centrifuged for 4 
hours at 38,000  aPsi in a Spinco Model L preparative 
ultracentrifuge and SW 39 rotor. After centrifugation, 
the  gradients  were  taken  to  a  cold  romn  at  5°C, 
where the visible mitochondrial bands were recovered 
by perforating the bottom of the tube and collecting 
the bands dropwise. 
For electron microscopy and cytochrome analysis 
larger samples of mitoehondria were needed. There- 
fore,  a  preliminary centrifugation at  14,000  ae~ for 
20 minutes was carried out using a  Spinco Type 40 
rotor. The pellet obtained was resuspended in about 
3  ml  of 0.44 M sucrose in  0.001 M EDTA  and  1 ml 
was layered on each of three sucrose density gradients. 
The gradients were centrifuged for 90  minutes at 
38,000  RPM.  The  mitochondrial  fractions  were 
collected by carefully lowering a Pasteur pipette into 
the gradient and  aspirating the mitochondrial band 
into the pipette. Next,  the material was transferred 
to  a  graduated  cylinder.  The  total  mitochondrial 
material  removed  had  a  volume  of about  2.8  ml, 
which  was  brought  to  4  ml  with  0.3 M Sorensen 
phosphate buffer,  pH  7.38.  The  buffer was  added 
dropwise with gentle mixing and the mitochondrial 
preparation was then ready for cytochrome analysis. 
For electron microscopy, the procedure was the same 
except  that  the  concentrated  mitochondrial  bands 
were  collected  and  osmium  tetroxide  was  added 
dropwise to  fix the  mitochondria.  Electron  micros- 
copy  was carried  out using the procedure described 
by Luck (1963a). 
Cytochrome Analysis 
Cytochrome spectra of the mitochondrial fractions 
were determined by the following procedure  (Luck, 
1964).  The mitochondrial fractions were diluted to a 
volume of 4 ml with phosphate buffer and were kept 
on ice. The mitochondria were then disrupted on ice 
for  25  to  30  seconds with  a  Branson  Sonifier  and 
0.05 ml was removed for protein analysis. Protein was 
precipitated with 10 per cent trichloroacetic acid and 
measured  by  the  method  of  Lowry  et  al.  (1951). 
Sodium deoxycholate (3  per cent)  was  then  added 
to a concentration of 18 mg/ml of the total suspension 
to clarify the solutions. 
Two  cuvettes were  filled with  equal  amounts of 
the mitoehondrial solution. The difference spectrum 
was obtained by first scanning the cuvettes to obtain 
the base line or zero-difference  reference curve, called 
"oxidized vs.  oxidized." A  small amount  of sodium 
dithionite was then added to one of the cuvettes with 
thorough  mixing  to  obtain  the  difference  curve 
("oxidized vs.  reduced"  cytochromes). The  spectra 
from  700  to  400  m#  were  recorded on  a  modified 
Model 14 Cary Recording Spectrophotometer. 
RESULTS 
Nuclear Fractions 
Sucrose  solutions which  contained  calcium  or 
which had  been prepared with phosphate buffer 
caused  aggregation  of  subcellular  elements,  as 
indicated by  the orange color of the final pellet. 
When the ions were omitted, the final pellet was 
virtually  colorless.  Mannitol,  sucrose,  and  galac- 
tose preparations showed no apparent differences. 
Purity  of the  nuclear  preparations could  not  be 
verified  optically,  since  the  nuclei  of Neurospora 
approximate I  micron in diameter. 
Samples  of  supernatant  and  sedimented  frac- 
tions were removed  at  each  step of the isolation 
procedure,  and  were  spread  on  protoperithecia 
and on nutrient medium.  The  more nearly  pure 
the nuclear preparation,  the more drastically re- 
duced was its fertilizing capacity and its viability'. 
Even though  the final nuclear  preparations were 
still visibly contaminated with some whole conidia 
and  apparently  intact  hyphal  segments,  they 
showed  very  low  viability  and  no  fertilizing 
capacity. 
Microinjection  of  nuclear  preparations  was 
carried out so  as to exploit the ability of two dif- 
ferent biochemical mutants to form a heterocaryon 
capable  of  growing  on  minimal  medium.  The 
survival of nuclei of a biochemical mutant injected 
into  another  biochemical mutant  could  then  be 
detected by  the  growth of the  injected strain  in 
minimal medium. Preparations of nuclei from pan, 
inos, and meth strains were injected into inos, pan, 
and inos, respectively. The injected cultures grew 
on complete medium, but in no case did they grow 
on  minimal  medium,  although  control  hetero- 
caryons do so readily. 
DNA isolated from nuclear preparations of the 
wild  type  had  no  effect when  injected into pan, 
inos, or meth strains.  This was also  true for DNA 
from inos nuclei  injected into pan  or  meth strains 
and  for  DNA  from pan  nuclei  injected  into  inos 
strains. Thus, (a) preparations of nuclei isolated by 
these methods do not appear to survive and func- 
tion  in  fertilization  or  in  microinjected  strains, 
and (b) DNA isolated from such fractions produces 
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view of  these  results,  it  was  assumed  that  other 
subcellular fractions could be isolated and studied 
without interference by viable or functional genie 
nuclear components. 
Mitochondrial Fractions 
Isolates of inos  (37401)  were chosen as recipient 
strains  for  mitochondrial  injections  for  several 
reasons:  (a)  They  and  abn-l-4a  have  a  common 
derivation  and  genetic  background,  so  that  the 
behavior  or  function  of  injected  fractions  of 
abn-l-4a  should  not be suppressed  or masked  by 
extraneous  genetic  factors.  (b)  These  isolates  are 
available  in  the  heterocaryon  incompatibility. 
genotypes  CD  in  (ll-7)a  and  (6-1)a,  and  cd  in 
(6-3)a  and  (17-5)a  (Garnjobst  and  Wilson,  1956; 
Wilson et al.,  1961).  Since incompatibility depends 
on  soluble  cytoplasmic  constituents,  apparently 
not  associated  with  subcellular  particulates 
(Wilson et al.,  1961),  the incompatibility reaction 
provides a  biological test for the relative purity of 
a  mitochondrial  preparation.  For  example,  a 
mitochondrial  fraction  from  CD  cultures  free  of 
the soluble  incompatibility factors  would  not kill 
when injected into a  recipient cd strain.  To avoid 
unnecessary  additional  complications,  all cultures 
were of the  same  mating  type  (a).  Two  of these 
isolates,  inos  (6-1)a  and  inos  (6-3)a,  had  been 
microcultured  and  microinjected  in  this  labora- 
tory during  the course  of other  experiments,  and 
their  behavior  under  these  conditions  was  well 
known. 
The criteria for evaluating an  effect of injected 
abn-1  mitochondria  involved  the  slow,  variable 
rate  of growth  and  the characteristic  morphology 
of abn-1  as  compared  with wild  type  (Garnjobst 
et al.,  1965).  In addition,  it has been shown  (ibid.) 
that  these  characters  of  abn-1  usually  become 
phenotypically  dominant  in  a  heterocaryon. 
As controls,  mitochondrial  preparations  of wild 
type were used. When wt 21a or the normal inos a 
strains  (6-1),  (11-7),  (6-3),  and  (17-5)  were injec- 
ted with mitochondrial fractions from wt 21a,  no 
abnormalities  were  observed  in  the  injected  cul- 
tures.  These  results  are  summarized  in  Table  I, 
and  the  growth  curves  for  control  and  injected 
cultures for 5 consecutive growth tube series from 
TABLE  I 
Growth  Tube Experiments:  Wild Type Mitochondria Injected into  Wild Type and inos Isolates 
No. serial 
Experiment no.  Isolate  Culture no.  growth  tubes  Growth 
211  wt 21a  3 
Uninjected control  1  Normal 
Injected  1  Normal 
2  Normal 
inos  (6-1)a  3 
Uninjected control  1  Normal 
Injected  1  Normal 
2  Normal 
inos  (6-3)a  3 
Uninjected control  1  Normal 
Injected  1  Normal 
2  Normal 
509  inos  (11-7)a  5 
Uninjected control 
Injected 
inos  (17-5)a 
Uninjected control 
Injected 
1  Normal 
2  Normal 
1  Normal 
2  Normal 
3  Normal 
1  Normal 
2  Normal 
1  Normal 
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FIGURE 1  Growth curves for the uninjeeted controls and the injected cultures of inos  (1%5) and inos 
(1l-7), experiment 509. These cultures were  injected with mitochondria of wild type ~la.  All cultures 
were completely normal in growth rate and morphology. 
experiment  509  are shown  in Fig.  I.  The incom- 
patibility genotype of the strains did not affect the 
results. 
The next experiments  involved the microinjec- 
tion of abn-I  mitochondria.  The results are given 
in Tables II to V.  In these tables, the experiment 
number  (date)  refers  to  the  particular  mito- 
ehondrial  preparation  used.  The  culture  number 
identifies  the  hyphal  segment.  The  number  of 
consecutive  growth  tubes  used  in  each  series  is 
indicated,  and  the  tube  in  which  a  change  oc- 
curred  is  given  in  Roman  numerals.  Growth  is 
designated as normal or abnormal.  Since the total 
duration  of each experiment was usually between 
5 and  7 weeks,  several injection experiments were 
started  before any  results  were  available.  In  the 
earlier experiments with inos  (6-1)  and inos  (6-3) 
(Tables  II  and  III),  only  the microinjected cul- 
tures  showed  drastic  changes;  however,  in  later 
experiments the uninjected control cultures began 
to  show  similar  changes,  at  earlier  and  earlier 
times.  Plating  of conidia from inos (6-1)  and inos 
(6-3)  cultures,  and  their  genetic  examination, 
showed  a  variability  in  growth  behavior  of cul- 
tures  from conidia and  the presence of a  nuclear 
mutation  characterized  by  growth  which  was 
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Growth  Tube Experiments:  abn-1 Mitoehondria  Injected  into  inos  (6-1)a 
Growth tube in 
which change 
Experiment no.  Isolate  Culture no.  occurred  Growth 
225  Uninjected control  1  --  Normal* 
2  --  Normal 
Injected  1  --  Normal 
2  --  Normal 
3  I I I  Abnormal 
310  Uninjected control  1  --  Normal 
2  --  Normal 
Injected  1  --  Normal 
2  IV  Abnormal 
407  Uninjected control  1  III  Abnormal 
2  III  Abnormal 
Injected  1  II  Abnormal 
2  I I  Abnormal 
414  Uninjected control  1  II  Abnormal 
2  II  Abnormal 
Injected  1  II  Abnormal 
2  II  Abnormal 
421  Uninjected control  1  I  Abnormal 
2  I  Abnormal 
Injected  1  I  Abnormal 
2  I  Abnormal 
428  Uninjected control  1  I  Abnormal--dead 
2  I  Abnormal--dead 
Injected  1  I  Abnormal--dead 
2  I  Abnormal--dead 
* All normal cultures were grown through 5 consecutive growth tubes, except in experiment 225, in which 
4  were used. 
slower than normal.  It would  seem that injection 
of  these  cultures  with  abn-1  mitochondria  ac- 
celerated the appearance of the abnormal charac- 
teristics. 
In  order  to  avoid  such  complications,  further 
injection  experiments  were  conducted  using  inos 
(6-3)  and inos  (17-5)  strains freshly regrown from 
lyophilized  stock  cultures,  and  strain inos  (I 1-7)a 
which had been freshly grown from an ascospore. 
As  an  additional  precaution,  conidia  from  these 
stock cultures were plated  periodically to  be sure 
of  their  stability  and  reproducible  growth  be- 
havior. 
The  results  of  abn-1  mitochondria  injections 
into inos (6-3) and freshly regrown inos (17-5)  and 
inos (11-7)  are summarized in Tables III and IV. 
In  general,  when  a  growth  tube  culture  showed 
modification  of growth  rate  or  morphology,  the 
agar slant inoculated from the end of the previous 
growth  tube  showed  similar  effects.  The  growth 
rate changes which resulted from injection of mito- 
chondrial fractions are indicated in Figs.  2 and 3. 
These figures show the rates of growth of the un- 
injected  controls and  the  injected  cultures  in  ex- 
periment 428.  In this experiment, all the injected 
cultures  showed  the effects of microinjection and 
all the controls remained normal. In all the experi- 
ments listed in which  the controls remained nor- 
mal,  50  per cent of the  injected  cultures  showed 
modification  in growth  rate  and  morphology.  In 
contrast,  the growth curves for all cultures which 
had  received  wt  21a  mitochondria  were  normal. 
The  changes  in  behavior  and  morphology 
brought about by microinjection of mitochondria 
varied.  Usually,  the  culture  stopped  normal 
growth abruptly and then the hyphae grew flat on 
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Growth  Tube Experiments."  abn-1 Mitochondria Injected into inos  (6-3)a and inos  (ll-7)a 
Growth tube in 
which change 
Experiment no.  Isolate  Culture no.  occurred  Growth 
inos  (6-3)a 
225  Uninjected  control  1  II  Abnormal 
2  II  Abnormal 
Injected  1  II  Abnormal 
inos  (6-3)a  regrown  from  lyophil 
310  Uninjected  control 
Injected 
407  Uninjected  control 
Injected 
inos  (I l-7)a 
428  Uninjected  control 
505 
1  Normal* 
2  --  Normal 
3  --  Normal 
1  --  Normal 
2  --  Normal 
3  --  Normal 
1  --  Normal 
1  IV  Abnormal 
1  --  Normal 
2  --  Normal 
I nj ected  1  I I I  Abnormal 
2  IV  Abnormal 
Uninjected  control  1  --  Normal 
Injected  1  --  Normal 
* All  normal  cultures  were  grown  through  5  consecutive  growth  tubes. 
TABLE  IV 
Growth  Tube Experiments."  abn-1 Mitochondria Injected into inos  (17-5)a 
Growth tube in which 
Experiment no.  Isolate  Culture no.  change occurred  Growth 
310  Uninjected  control  1  --  Normal* 
I nj ected  1  --  Normal 
2  III  Abnormal 
414  Uninjected  control  1  --  Normal 
2  --  Normal 
3  --  Normal 
Injected  1  --  Normal 
2  --  Normal 
421  Uninjected  control  1  --  Normal 
2  --  Normal 
428  Uninjected  control  1  --  Normal 
Injected  1 "  IV  Abnormal 
2  IV,  V  Abnormal 
3  IV  Abnormal 
505  Uninjected  control  1  --  Normal 
Injected  1  IV,  V  Abnormal 
* All  normal  cultures  were  grown  through  5  consecutive  growth  tubes. 
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FmuaE ~  Growth curves of the uninjected controls and the injected cultures of inos  (11-7), experiment 
4~8. These were injected with abn-1  mitochondria. Injected culture 1 in growth tube series  III showed 
a reduced growth rate and a 13-day  interval during and after which no gowth was resumed. The growth 
curve of injected culture ~ shows a slightly decreased rate in growth tube series III as well. In series IV 
and V, the controls remained normal. Injected culture ~ showed two intervals of stoppage in series  IV 
with no subsequent growth. 
the agar  surface  or under  the agar.  These varia- 
tions  are shown  in  Fig.  4.  The  hyphae,  if aerial, 
showed  extreme  branching  as  eompared  with 
normal  wild-type  hyphae;  see  Figs.  5  and  6. 
Injected  cultures  showed  one of three  patterns  of 
growth:  (a)  They  stopped  growth  and  died  after 
the formation of an  exudate  which was dispersed 
along the hyphae in droplets.  These cultures were 
considered dead when they did not resume growth 
within a  month  and  the agar in contact with  the 
hyphae  became  discolored.  (b)  They  stopped 
growth, then showed flat, sparse, slow growth, and 
repeated  this cycle after varying intervals of time. 
(c)  They  showed  growth  stoppage,  cytoplasmic 
leakage,  and  an  altered  morphology.  Then,  at  a 
later time, they resumed an almost normal rate of 
growth.  These  different  growth  rates  are  illus- 
trated  by the curves shown in Figs.  2 and  3.  The 
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FIGURE S  Growth curve of inos (17-5)  strains injected with abn-1 mitoehondria,  experiment  4~8.  All 
cultures remained normal for series I  to III.  In series IV, however, injected cultures 1 and 3  showed 
growth curves which are slower than normal. Neither of these eonldiated at the end of the growth tube. 
Growth curves IV and V of injected culture 2 show an extremely slow  initial rate,  no growth for 72 
hours, and then a resumption of an essentially normal rate of growth. 
rare resumption of nearly normal growth is shown 
by injected culture 2 of inos (17-5) in tubes IV and 
V  (Fig. 3). 
It was  thought that tests of frozen and  thawed 
preparations of mitochondria might give some evi- 
dence of the need for structural integrity and via- 
bility  of  mitochondria  for  biological  activity. 
Abn-I mitochondria were frozen and thawed, and 
then injected into inos (17-5)  and inos (11-7). The 
results are summarized in Table V. In each series, 
at  least  one  injected  culture  showed  changes 
similar  to  those  obtained  with  untreated  mito- 
chondria. Electron micrographs showed that both 
preparations were relatively homogeneous, and no 
differences could  be detected  between  the frozen 
and  the untreated  mitochondria. 
In  addition  to  showing  abnormal  morphology 
and  altered  rates of growth,  the injected  cultures 
did  not  form  conidia,  and  so  could  not  be  ex- 
amined  by  plating  methods.  The  absence  of co- 
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Fig. 4 a.  Portion of growth tube in which uninjected control culture inos (11-7)  was growing normally. 
Note homogeneity and fullness of growth as well as uniformity of hyphal front. 
Fig.  4  b.  Showing transition from normal to abnormal morphology of  inos  (11-7)  injected  culture 
1  (III), experiment 4~8.  (For growth curve of this culture see Fig.  ~,  growth tube series  III.)  Arrows 
point  to  markings  at  ~4-hour intervals.  Decreased  amounts  of  growth  for  ~4-hour  intervals  and ex- 
truded droplets near the hyphal front can be seen. Beyond this position, there is another mark showing 
a £4-hour interval, but hyphae are not visible in the photograph. 
Fig. 4 c.  Showing inos (11-7)  injected culture ~ (IV), experiment 4~8.  Note extensive leakage (drop- 
lets) and decreased distance between the ~4-hour markings.  The agar is discolored just beyond the tips 
of the visible hyphae. This is a photograph of the culture for which the growth  curve is shown in Fig. ~, 
series IV. The cytochrome spectrum of this culture is shown in Fig. 9. 
Fig.  4  d.  Portion of growth tube in which inos  (17-5)  injected culture  1  (IV),  experiment 4~8,  was 
growing. There is at least a  threefold reduction in the growth rate within two ~4-hour periods. The ex- 
truded droplets are just visible and the hyphal front is irregular. The growth curve for this culture is 
shown in Fig. 3, series IV. 
Fig. 4 e.  Portion of growth tube V of inos (17-5)  injected culture 2, experiment 4~8.  Growth is very 
fiat and patches of dendritic hyphae project just above the agar. Note the corresponding growth curve 
shown in Fig. 3, series V. The cytochrome spectrum of this culture is shown in Fig.  10. 
Fig.  4 f.  Portion of a  growth tube containing inos  (17-5)  injected culture  1  (III),  experiment 51~. 
This culture had been injected with frozen-thawed mitochondria and showed the same pattern as  an 
inos (17-5)  culture injected with untreated abn-1 mitochondria, experiment 310.  The cytochrome spec- 
trum of this culture is shown in Fig.  11. The markings show that the growth rate is greatly diminished 
after the first ~4-hour period and the growth up to the last mark is that of a total of 6 days. 
Fig.  4  g.  A potato dextrose agar slant culture of abn-1. The agar inoculum block (arrow)  is visible 
in the lower part of the slant, and the very flat growth is clearly discernible at the inner edges of the 
tube where the agar perimeter can be seen. The cytochrome spectrum of abn-1 is shown in Fig. 7. 
E.  G.  DIACUMAKOS, L.  GARNJOBST, AND  E.  L.  TATUM  Neurospora Nuclei and Mitochondria  437 FIGURE 5  Normal  branched  myeelium of  inos  (11-7).  Photograph  was  taken  on  a  deFonbrune  mi- 
croforge using transmitted light and shows the hyphal tips in the mid-portion of the width of the growth 
tube. Compare with Fig. 6.  ><  100. 
FXGURE 6  Modified highly dendritic mycelium showing the dense growth of aerial hyphae just before 
the growth becomes very fiat and sparse.  The culture was injected with abn-1  mitochondria. The mag- 
nification of Fig. 6 is the same as that of Fig. 5, and the lighting is the same, to emphasize the density 
of growth.  )<  100. 
nidiation of these injected cultures showed another 
point  of  similarity  to  abn-1,  which  only  rarely 
forms  a  few conidia  (Garnjobst  et  al.,  1965). 
Genetic  tests  of  some  of  the  injected  cultures 
showed  that  they  did  not  form  protoperithecia. 
This is another  characteristic of abn-1  (Garnjobst 
et  al.,  1965).  However,  it  was  possible  to  make 
crosses with the injected cultures by using wt 3-8A 
as  the  protoperithecial  parent.  The  crosses  made 
and  the  results  obtained  are  given  in  Table  VI. 
No  slow growing  or abnormal  progeny  were  ob- 
tained, no nuclear mutation was detected, and  the 
inos  gene  segregated  normally.  In  these  respects, 
the  characters  of  the  abnormal  injected  strains, 
like  those  of  abn-l,  are  transmitted  cytoplas- 
mically. 
These results indicate that many of the charac- 
teristics of abn-1  had  been  transmitted  to normal 
inos  cultures  by  microinjection  of  mitochondrial 
preparations  isolated  from  abn-1. 
Another  characteristic  of abn-1  is  a  change  in 
the  cytochrome  pattern.  The  cytochrome  spectra 
of abn-1  and  of some of the injected cultures were 
obtained  from mitochondrial  fractions.  The cyto- 
chrome spectrum of the abn-1  mitochondrial frac- 
tion is shown in Fig.  7. There was no cytochrome 
a,  very  little  ~-cytochrome  b,  and  the  ot-cyto- 
chrome c peak is quite high.  Table VII shows the 
values computed for peak absorption and corrected 
to  1 mg of protein  per ml.  The  spectra  from  the 
injected  inos  (11-7)  culture  2  (series  IV)  from ex- 
periment  428  and  from  the uninjected  control  of 
the  same experiment are  shown  in  Figs.  9  and  8, 
respectively.  The values for  peak  absorptions  are 
listed in Table VII.  Because of the differences in 
these  spectra,  it  seemed  worth  while  to  obtain 
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Growth  Tube Experiments."  Frozen-thawed abn-1 Mitochondria Injected into inos  (17-5)a and inos  (ll-7)a 
Growth tube in which 
Experiment no.  Isolate  Culture no.  change occurred  Growth 
512 
512 
inos  (17-5)a 
Uninjected control 
Injected 
inos  (11-7)a 
Uninjected control 
Injected 
520  Uninjected control 
Injected 
526  Uninjected control 
Injected 
1  --  Normal* 
2  --  Normal 
3  --  Normal 
1  I I I  Abnormal 
2  --  Normal 
1  --  Normal 
1  --  Normal 
2  --  Normal 
1  --  Normal 
1  --  Normal 
1  --  Normal 
1  --  Normal 
2  V  Abnormal 
3 ~  --  Normal 
* All  normal cultures were grown through 5 consecutive growth tubes. 
:~ Injected with untreated abn-1  mitoehondria. 
TABLE  VI 
Crosses of Injected Strains X  Wild Type RL 3-8A 
Per cent 
germin- 
Cross  Ascospore  isolations  ation  Morphology  Genotype 
wt 3-8A  X  37401 (6-3)a  12  asci  52  100%  wild type  32% wild type 
Injected with abn-1 mitochondria  0% slow  260-/0 inos 
wt 3-8A  X  37401  (6-1)a*  100 random  33  91% wild type  50% wild type 
Injected with abn-1 mitochondria  9% mutant  50% inos 
(exp. 310)  0% slow 
wt 3-8A  X  37401 (17-5)a  100 random  50  100%  wild type  48% wild type 
Injected with abn-1 mitochondria  0% slow  52% inos 
(exp. 310) 
*The mutants recovered from this cross showed an osmotic character which was unrelated to the slow 
growth character of the injected strain. The percentage of germination was  affected by the time at which 
the spores were isolated and not by the slow growth factor. 
spectra from two  other cultures,  i.e.  injected inos 
(17-5)  culture 2  (IV), which had been injected in 
the same experiment as  the  (1 I-7)  for which  the 
spectrum was obtained, and  inos  (17-5)  culture  1 
(II),  which had  been injected with abn-1  frozen 
and  thawed  mitochondria  in  experiment  512. 
These  spectra are  shown in  Figs.  10  and  11,  re- 
spectively. The absorption values are also given in 
Table VII. 
It  was  possible  to  obtain  spectra  for  injected 
cultures which had shown a change in growth rate 
and  in  morphology by  setting  up  mass  cultures 
from  inocula  obtained  from  agar  slant  cultures. 
The  uninjected  inos  (11-7)  control  culture  was 
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FIGURE 7  Tracing of the eytoehrome difference spec- 
trum  obtained  from  disrupted  abn-1  mitoehondria. 
See  Table  VII.  Note  the  absence  of  cytochrome  a 
and  the  very high peak  of tx-cytoehrome e.  The  full 
scale deflection for the optical density (O.D.)  range was 
0.10.D.  unit.  However,  the  a-cytoehrome  c  peak 
was recorded with an automatic deflection change for 
a  total interval of  0.~ O.D. unit. Table VII  gives the 
peak absorption values in O.D. units for the component 
peaks. 
grown for  13  hours in  shake culture for analysis. 
As it turned out, the inos  (I 1-7)  recipient from ex- 
periment 428 was of the same relative age as the 
inos  (17-5)  recipient of experiment 512 which had 
received frozen and  thawed abn-1  mitochondria. 
The inos  (I 7-5)  recipient culture from experiment 
428  was 2  weeks older than  the inos  (1 i-7)  strain 
injected  during  the  same  experiment.  The  dif- 
ference  in  growth  pattern  between  these  two 
strains  was  accompanied  by  differences  in  the 
cytochrome spectra. 
DISCUSSION 
The  results  prcsented  show  that  characteristics 
similar to those of strain abn-1 of Neurospora  crassa 
appear  in  normal  cultures  grown  from  single 
hyphal  compartments injected with  preparations 
of mitochondria from abn-1  cultures. These char- 
acteristics involve a decrease in growth rate, loss of 
reproductive  capabilities,  and  changes  in  cyto- 
chrome pattern. Like those of abn-1, these charac- 
teristics of the injected cultures are cytoplasmically 
determined.  To  explain  these  findings,  two  hy- 
potheses  may  be  considered,  namely,  (a)  that 
mitochondria themselves cause these changes, and 
hence survive  and  function in  the  recipient cul- 
tures,  and  (b)  that  an  active  component of the 
TABLE  VII 
Cytochrome  Absorption  Peaks for  Cultures  Analyzed 
Protein  Cyto. a  a-Cyto,  b  ot-Cyto,  c  fl-Cyto,  b  fl-Cyto,  c  Flavins 
Culture (inos)  (610 m#)  (560 m#)  (550 m,~)  (530 m#)  (520 m~)  (450 m~) 
mg/ml  O.D.  O.D.  O.D.  O.D.  O.D.  O.D. 
11-7,  control  1.25  0.008  0.004  0.024  0.002  0.009  0.018 
1.00  0.007  0.004  0.019  0.001  0.007  0.015 
abn-l-4a  4.25  0.000  0.018  0.200  0.016  0.037  -- 
1.00  0.000  0.004  0.047  0.004  0.009  -- 
11-7,  injected no. 2  1.75  0.000  0.014  0.032  0.006  0.012  0.030 
Exp. 428  (IV)  1.00  0.000  0.008  0.018  0.004  0.007  0.017 
17-5,  injected no. 2  2.10  0.000  0.008  0.045  0.003  0.013  0.025 
Exp. 428  (IV)  1.00  0.000  0.004  0.021  0.001  0.006  0.012 
17-5,  injected no.  1  1.85  0.000  0.021  0.033  0.003  0.012  0.024 
Exp. 512  (II)  1.00  0.000  0.011  0.018  0.002  0.006  0.013 
The values presented in this table are approximate, the estimated error being 4-0.01.  The optical path 
was 1 cm. The top row of values for each culture was obtained by measuring the optical density (0.10.D. 
=  full scale deflection) at the peaks of the oxidized vs.  the reduced curve above the zero-difference (oxi- 
dized vs.  oxidized) base line after superimposing the two curves. In the second row, the values are cal- 
culated. The flavin peaks are opposite in direction from the cytochrome peaks, but their values are re- 
corded as positive. The peak heights are proportional to the optical path and to the concentrations (Luck, 
personal communication). Data from Fig. 7 to 11. 
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FIGURE 8  Tracing of eytochrome spectrum of an inos 
(11-7)  control  grown  in  shake  culture  for  about  18 
hours. See Table VII. Note the presence of cytochrome 
a peak at 605 m/z, a-cytochrome b at 565 m/z, a-cyto- 
chrome c at 550 m/z,/3-cytochrome b at 545 m/z, and 8- 
cytochrome c at 5~7 m/~. The flavin component can be 
seen  as  a  negative  peak  which  falls  below  the  zero 
difference  base line if the two curves are superimposed. 
The full scale deflection from the bottom to the top of 
the graph is 0.10.D. The Sorer region is also shown. 
mitochondrion or some active material present in 
the mitochondrial preparation  is responsible. 
The simpler hypothesis is that mitochondria are 
responsible,  that  they survive isolation  and  injec- 
tion  and  persist  in  their  new  environment.  The 
studies  of Luck  (1963a,  1963b)  support  the view 
that  Neurospora  mitochondria  are  capable  of 
perpetuating themselves by division. However, the 
hypothesis that simple selection of abnormal mito- 
chondria takes place in an injected culture cannot 
explain  the  differences  in  the  cytochrome  pat- 
terns found in different cultures. That two popula- 
tions of mitochondria, normal and abnormal, con- 
tinued  to  coexist  and  function  independently  in 
the injected cultures  seems unlikely since  at least 
some cytochrome a  and an unusually high level of 
cytochrome ¢ would be expected in such a mixture. 
This was  not  the case,  at least  after  the cultures 
had shown morphological changes (Table VII). It 
is conceivable that two such populations may exist 
but  that  they  interact  to  inhibit  the  synthesis  or 
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WAVELENGTH (rap) 
FIGURE 9  Tracing  of  cytochrome  spectrum  of  inos 
(11-7)  injected  culture  ~  (IV),  experiment  4~8. See 
Table VII.  Note the absence of cytochrome a  at 605 
m/~ and the  almost  normal  complement  of the  other 
cytochrome components. Also note the increased flavin 
peak. Compare Fig. 9 with Fig. 8. 
incorporation  of  the  various  cytochromes  into 
mitochondria  so  as  to  decrease  the level of cyto- 
chrome c in  the abnormal  mitochondria  and  the 
level of cytochrome a in the normal. Simple inhibi- 
tions  cannot  easily explain  the  apparent  increase 
in  cytochrome b in  some injected cultures.  Com- 
plex regulatory interactions might indeed be sug- 
gested, such as release from repressor control. One 
might also invoke an interaction of mitochondrial 
control  systems with nuclear  controls differing in 
normal  and  abn-1  cultures.  However, speculation 
seems unwarranted  at this  time. 
The  other  possibility  to  be  considered  is  that 
mitochondria do not survive as such, but that some 
active factor(s)  present in the mitochondrial prep- 
aration is liberated into the cytoplasm as the mito- 
chondria  degenerate  in  their  new  environment. 
This  factor(s)  might  then  influence  cytochrome 
synthesis  and  function  in  the  recipient  mito- 
chondria,  independently  of the host genome. 
The  considerable  and  variable  time  lapse  be- 
tween injection and  appearance  of the character- 
istic  changes  in  morphology  and  growth  rate 
cannot be interpreted in favor of either hypothesis. 
In  either  case  the  responsible  factor  introduced, 
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FIGURE 10  Tracing  of  cytoehrome spectrum  of inos 
(17-5)  injected culture 2  (IV), experiment 4~8, done 
weeks later than that shown in Fig.  ll. See Table VII. 
The  eytochrome  a  peak  is  absent.  Practically  no o~- 
cytochrome b is present, and ~-cytochrome c is normal. 
fl-cytochrome b is undiminished, and fl-cytochrome c is 
comparable to the value for the inos (11-7) control peak 
(Fig. 8). The full scale deflection was equivalent to 0.1 
O.D.  unit. 
mitochondrion or  other  agent,  might have to  re- 
produce  and  reach  a  critical  level  before  the 
changes  are  observed.  It will  be  recalled  that in 
the  injection  experiments  with  satisfactory  con- 
trols,  no  changes were  apparent before  the  third 
serial growth tube (3 to 4 weeks). 
The  apparent  activity  of  frozen  and  thawed 
preparations  of  mitochondria  cannot  be  inter- 
preted  at present.  No  information is  available on 
the  effects of freezing  and  thawing in  sucrose on 
the  biological  integrity  of  mitochondria.  Hence, 
the activity of the frozen material would  be con- 
sistent  with  either  hypothesis  which  has  been 
discussed. 
Certain  lines of indirect evidence  tend  to  sup- 
port  the  possibility that mitochondria  are  them- 
selves involved.  First is the association of changes 
in mitochondrial cytochrome pattern with this as 
well as other instances of cytoplasmic inheritance. 
Evidence  that  mitochondria  as  well  as  chloro- 
plasts do function  as inheritable systems has been 
discussed  by Gibor  and  Granick  (1964),  and  the 
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1  .f  oxidized 
V'  o&e  
I  I  I  I  I  I 
400  450  500  550  600  650  700 
WAVELENGTH (miJ) 
FIGURE  11  Tracing  of  eytochrome  pattern  of  inos 
(17-5)  injected culture  1  (II),  experiment 51~,  which 
had  received  frozen-thawed  abn-1  mitochondria.  See 
Table VII. Note the absence of cytochrome a and the 
higher  than  normal  level  of  a-eytoehrome  b.  This 
culture was of the same age at the time of analysis as 
inos  (11-7)  injected culture  ~  (IV)  (Fig.  9).  The full 
scale deflection represents an O.D.  of 0.1  unit. 
biochemical function, structure,  and individuality 
of mitochondria have been reviewed by Lehninger 
(1964).  Finally, the definitive finding by Luck and 
Reich  (1964)  that  Neurospora  mitochondria  con- 
tain DNA is consistent with their functioning as a 
cytoplasmic genetic system. 
In any event,  the present study provides a  new 
approach to the elucidation of subcellular organi- 
zation  and  function.  The  investigation  of  sub- 
cellular  constituents can  be  pursued  in  new  cell 
environments both cytoplasmic and nuclear, with- 
out recourse to genetic manipulation, which is not 
always possible.  This study adds mitochondria to 
the  list  of  transferable  entities  such  as  nuclei, 
nucleoli, and cytoplasm. 
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